Magnesium (Mg) is required for maintenance of genomic stability; however, data on the relationship between dietary Mg intake and lung cancer are lacking. In an ongoing lung cancer casecontrol study, we identified 1139 cases and 1210 matched healthy controls with data on both diet and DNA repair capacity (DRC). Dietary intake was assessed using a modified Block-NCI food frequency questionnaire and DRC was measured using the hostcell reactivation assay to assess repair in lymphocyte cultures. After adjustment for potential confounding factors including DRC, the odds ratios (ORs) and 95% confidence intervals (CIs) for lung cancer with increasing quartiles of dietary Mg intake were 1.0, 0.83 (0.66-1.05), 0.64 (0.50-0.83) and 0.47 (0.36-0.61), respectively, for all subjects (P-trend < 0.0001). Similar results were observed by histology and clinical stage of lung cancer. Low dietary Mg intake was associated with poorer DRC and increased risk of lung cancer. In joint effects analyses, compared with those with high dietary Mg intake and proficient DRC, the OR (95% CI) for lung cancer in the presence of both low dietary Mg and suboptimal DRC was 2.36 (1.83-3.04). Similar results were observed for men and women. The effects were more pronounced among older subjects (>60 years), current or heavier smokers, drinkers, those with a family history of cancer in firstdegree relatives, small cell lung cancer and late-stage disease. These intriguing results need to be confirmed in prospective studies.
Introduction
Lung cancer is the most common cause of cancer mortality in USA (1) . Although smoking is the predominant exposure associated with this disease, dietary factors also modulate risk, but little attention has focused on the role of dietary minerals in lung cancer risk. To date, there are no published reports on dietary magnesium (Mg) intake and lung cancer risk. Two small case-control studies examined the roles of serum or tissue levels of Mg in lung cancer with mixed results (2, 3) .
Food sources rich in Mg are green vegetables, legumes (beans and peas), unrefined whole grains, nuts and seeds (4) . Meat, fruit and dairy products have moderate Mg content (4), whereas refined foods are poor sources of Mg. Bread made from whole-grain wheat flour is a better source of Mg than bread made from refined white flour because the Mg-rich germ and bran are removed during the refining process (4) .
Mg is important for maintaining the integrity of DNA. Mg cations bind to DNA and reduce the negative charge density, thereby stabilizing the structure of DNA (5) . Mg is also an essential cofactor for several enzyme systems involving DNA repair such as nucleotide excision repair, base excision repair and mismatch repair (6) . Several studies have reported that Mg plays a role in protection against oxidative stress (7) (8) (9) (10) . Further, growing evidence from studies conducted in Western societies link low intake of Mg to systemic inflammation (11, 12) . There is also substantive evidence that high levels of systemic inflammation (13) and proinflammatory conditions (14) (15) (16) (17) are associated with increased lung cancer risk. Therefore, we investigated the individual and joint associations between dietary Mg intake and DNA repair capacity (DRC) with risk for lung cancer in an ongoing casecontrol study.
Materials and methods

Study population
Our study population included 1139 newly diagnosed lung cancer patients (cases) and 1210 healthy controls with DRC and dietary data. The participants were a subset of a larger ongoing and previously described lung cancer casecontrol study (18) , since the assay was conducted in batches on archival samples. All patients were enrolled into the study at the time they registered at the Thoracic Center at The University of Texas MD Cancer Center. The cases were all newly diagnosed patients presenting with histologically confirmed lung cancer, enrolled prior to initiation of chemotherapy or radiation therapy. There were no age, ethnic or stage restrictions. Healthy controls without a previous diagnosis of cancer were recruited from the Kelsey-Seybold clinics, the largest private multispecialty physician group of 23 clinics in the Houston area. All participants were USA residents. Controls were frequency matched to the cases by age (±5 years), sex, ethnicity and smoking status (current, former and never) (19) . The overall response rate among both patients and the controls was $75%. This research was approved by MD Anderson Cancer Center and Kelsey-Seybold Institutional Review Boards.
Epidemiolgic and diet data
Participants were interviewed in person to obtain demographic information and smoking history. Smokers of at least 100 cigarettes in their lifetimes were classified as ever smokers; among whom, former smokers had quit smoking at least 1 year before diagnosis (cases) or before interview (controls). Race/ ethnicity information was self-reported. Body mass index (BMI) was estimated from self-reported weight and height calculated as weight (kg) divided by height (m 2 ). Dietary data were collected from a modified version of the 135-item National Cancer Institute's Health Habits and History Questionnaire. The Health Habits and History Questionnaire includes a semiquantitative food frequency list, an open-ended food section and other dietary behavior questions. The questionnaire has been shown to be valid and reliable across various populations (20, 21) . Study participants were asked about their diet during the year prior to diagnosis (cases) and the year prior to study enrollment (controls). Subjects were given a one-page serving size guide, with photographs of 1/4 cup, 1/2 cup, 1 cup and 2 cups on plates and 1/2, 1 and 2 cups in bowls (Block Dietary Data Systems, Berkeley, CA). Each line item of our food frequency questionnaire (FFQ) also included four quantitative serving size choices for that line item [e.g. for corn we ask, 'How many cups?' and give four possible answers (1/4, 1/2, 1 and 2)]. Nutrient intake was calculated using the DIETSYS þ Plus version 5.9 dietary analysis program (Block Dietary Data Systems). The DIETSYS þ Plus database for the present study was expanded to include values for dietary Mg from the SR16-1, a database maintained by the US Department of Agriculture. For multiingredient food items, nutrient values were derived from recipes collected during the Continuing Survey of Food Intakes by Individuals, 1994-1996 and 1998.
Cellular DRC
The host-cell reactivation assay was used to measure nucleotide excision repair capacity in peripheral blood lymphocytes of the subjects, as described previously (22) . Isolated lymphocytes were transfected with nonreplicating plasmids harboring a chloramphenicol acetyltransferase gene, a bacterial drug-resistant gene. Plasmids were treated with benzo[a]pyrene diol epoxide (BPDE), an ultimate tobacco carcinogen, prior to transfection to introduce BPDE-DNA adducts as the substrate of the repair enzymes in cells. Only stimulated lymphocytes will uptake the plasmids and exhibit active nucleotide excision repair activity to repair BPDE-induced DNA adducts.
After harvesting, the cells were divided into four aliquots, each having $1 Â 10 6 cells, for duplicate transfections with untreated plasmids (as the baseline for comparison) and duplicate transfections with BPDE-treated plasmids. The transfections were performed with the DEAE-dextran (Pharmacia Biotech, Picataway, NJ) method (23) Quartiles of dietary Mg were created based on the distribution of intake in control subjects. Energy-adjusted Mg quartiles were calculated by regressing dietary Mg intake on total calories and obtaining the residuals (24) . The residual value for each observation was then added to the mean dietary Mg value for our population. Multiple logistic regression analysis was performed to calculate odds ratios (ORs) and 95% confidence intervals (CIs) for associations between dietary Mg and lung cancer, adjusting for age, gender, race, smoking status, pack-years smoked, family history of cancer, BMI, education, income, total calories and DRC. Total calories were included because food sources of Mg such as nuts are energy rich; the advantage of this model is that the full effects of calories can be observed (24) . The first quartile (lowest intake) was the reference category. We tested for trends using the Wald test based on the ordinal dietary variable.
In joint effects analyses for dietary Mg intake and DRC with lung cancer risk, the reference group was those who reported high dietary Mg (more than the median split for energy-adjusted Mg intake in the controls) and proficient DRC (more than the median split for DRC in the controls), because this group would be expected to be at the lowest risk. The top 10 food sources for Mg were calculated by the DIETSYS þ Plus dietary analysis program. Potential interactions between dietary Mg and other risk factors for lung cancer were tested on the multiplicative scale by entering the cross product terms in the main effects multivariate models. We also conducted subgroup analyses defined by age, BMI (kg/m 2 ), smoking status (current, former and never smokers), alcohol (non-drinkers and drinkers), years of smoking, number of cigarettes smoked per day, vitamin/mineral supplement use (yes and no), history of cancer in first-degree relatives, histology and lung cancer stage. BMI was stratified as 25 or .25 since a number of studies have reported that BMI .25 is associated with reduced risk of lung cancer (25) (26) (27) . Years of smoking were dichotomized at the median split ( 31 or .31) in the controls. Cigarettes smoked per day were dichotomized at 1 pack of cigarettes per day ( 20 cigarettes) or .1 pack of cigarettes per day (.20 cigarettes). Lung cancer histology was categorized as adenocarcinoma, non-small cell cancer, squamous cell carcinoma and small cell cancer. Early stage lung cancers were defined as cases with stage I and II non-small cell lung cancer and limited for small cell lung cancer. Late stage was defined as stages III and IV for nonsmall cell lung cancer and extensive for small cell lung cancer. Statistical analyses were performed with SAS (version 8.0; SAS Institute, Cary, NC). All statistical tests were two sided, and a P-value ,0.05 was considered statistically significant.
Results
Population characteristics
Mean ages of 1139 cases and 1210 controls were 61.11 and 60.21 years, respectively (P 5 0.03), well within the 5-year age matching criterion for the study (Table I) . Although cases and controls were frequency matched on gender, we found a borderline significant (P 5 0.06) gender difference in this subset of subjects with DRC measurement. Cases compared with controls had fewer never and former smokers but more current smokers. Compared with controls, cases reported a longer duration of smoking and a higher number of cigarettes smoked per day. Controls reported higher educational attainment and annual income than cases. Cases generally had lower BMI than controls and reported more cancers in their first-degree relatives. More controls reported alcohol drinking than cases. Total caloric intake and vitamin/mineral supplement use did not differ between the cases and controls. However, cases compared with controls had significantly lower dietary Mg intake and lower DRC (Table I) .
Main effects analysis
There was an inverse association between Mg intake and risk of lung cancer (Table II) . Increased Mg intake was associated with a monotonically decreasing risk of lung cancer with 17, 36 and 53% reductions in risk by increasing quartile of intake (P-trend , 0.0001). A similar monotonic inverse association was noted in men with 6, 42 and 63% reductions in risk by increasing quartile of intake (P-trend , 0.0001), but the association in women was only borderline significant (P 5 0.09). This pattern was evident across all histologic subgroups with reductions in risk ranging from 48 to 63%, with increased quartile of dietary Mg intake. Similar patterns were also noted in early (OR 5 0.57; 95% CI, 0.36-0.89) and late-stage (OR 5 0.42; 95% CI, 0.25-0.62) lung cancer in the highest quartile of Mg intake (Table II) . However, there were many more late than early stage lung cancers.
The interaction between Mg intake and DRC was significant (P , 0.001) in the multivariate model. However, when DRC was stratified into suboptimal and optimal, we found a similar magnitude of protective effects and trends with increased intake of dietary Mg (data not shown). In addition, mean DRC tended to increase as the quartile of dietary Mg consumption increased (Table III) , although it tended to plateau in the third quartile in cases, and was higher in quartiles 3 and 4 compared with quartiles 1 and 2 in controls.
Joint effects analysis
Compared with subjects with high dietary Mg þ proficient DRC, there were monotonic 37, 54 and 136% increased risks of lung cancer, for subjects who had high dietary Mg þ suboptimal DRC, low dietary Mg þ proficient DRC and low dietary Mg þ suboptimal DRC, respectively (P-trend , 0.0001) (Table IV ). In the low dietary Mg þ Based on the distribution of energy-adjusted dietary Mg intake in the control population.
Magnesium-DNA repair and lung cancer suboptimal DRC group, the effects were more pronounced in men ($200% increase risk) than women ($80% increase risk).
Subgroup analysis
Similar patterns were evident across all the subgroups analyzed (Table V) Risk estimates were generally similar among users as well as nonusers of vitamin/mineral supplements within groups of Mg-DRC. For alcohol use, the risk estimates were higher in drinkers versus nondrinkers. Higher risks were also observed for those with a family history of cancer in first-degree relatives (OR 5 2.78; 95% CI, 2.01-3.85). For histologic types of lung cancer, in the low Mg þ suboptimal DRC group, the risk was more pronounced in small cell lung cancer (OR 5 3.30; 95% CI, 1.69-6.46) even though the number of cases with small cell lung cancer were much smaller than the other histologic types (Table V) . Similarly, the risk was more pronounced in late-stage lung cancer (OR 5 2.57; 95% CI, 1.91-3.44).
Food contributors to Mg intake
We also evaluated the top food contributors to Mg intake in our population (data not shown). Dark bread, coffee, bananas, milk, nuts and cereals were the major sources of reported Mg intake in patients and controls. When we analyzed these items as risk factors, as expected, we found a significant inverse trend with increased intake of dark bread, banana and nuts with lung cancer risk (data not shown).
Discussion
In this large case-control analysis of DRC using the host-cell reactivation assay, increasing dietary intake of Mg was associated with reduced lung cancer risk ranging from 17 to 53%. In joint effects analysis, subjects with low Mg þ suboptimal DRC were at the highest risk for lung cancer. To the best of our knowledge, this is the first study to report that dietary Mg intake is inversely associated with lung cancer risk, that DRC is lower in strata of low Mg intake and that low dietary Mg þ suboptimal DRC together are associated with substantial increased risk.
The current research on Mg and lung cancer, including the statistical modeling, is based on biological plausibility. The potential mechanisms by which Mg may protect against lung cancer includes its role in maintaining genetic stability (6), regulation of cell proliferation (28), protection against inflammation (11, 12) , maintenance of lung function (29) and protection against oxidative stress (8, 9) . All these functions of Mg are important in maintaining the integrity of the cell and in the prevention of lung and other cancers. Likewise, we have shown previously that increasing levels of DRC were associated with reduced risk for lung cancer (P-trend , 0.0001) among men and women (data not shown) (22) .
In our study, there were substantial increases in lung cancer risk among subjects with low Mg intake þ suboptimal DRC compared with high Mg intake þ proficient DRC. In particular, these joint effects were more pronounced in subjects who were older, current smokers, had longer duration of smoking, smoked more cigarettes per day, had a family history of cancer in first-degree relatives or were alcohol drinkers, but no difference was evident by vitamin/mineral supplement use. Unfortunately, dosage and frequency of supplementation were unavailable for analysis. The higher risk observed for High Mg is defined as higher than the median split for energy-adjusted dietary Mg intake in the control population, and proficient DRC is defined as higher than the median split for DRC in the control population. b Suboptimal DRC is defined as lower than the median split for DRC in the control population. Magnesium-DNA repair and lung cancer thinner (BMI 25) compared with heavier subjects (BMI . 25) (Table V) in the low Mg-suboptimal DRC group was similar to findings from earlier research (26, 27) and may reflect severity of disease.
Cigarette smoke, an established risk factor for lung cancer, is an important source of reactive oxygen species in the lungs; thus individuals with low Mg intake and suboptimal DRC may be unable to combat carcinogenic effects from cigarette smoke. Alcohol can also act as a pro-oxidant in lung tissue (30) . Thus, Mg may function by counteracting oxidative stress induced by alcohol consumption. In animal studies, dietary Mg restriction has significantly increased lipid peroxidation (7) (8) (9) (10) , reduced the activity of superoxide dismutase and catalase (8) and upregulated genes associated with oxidative stress (31) .
Two prospective studies reported that dietary Mg intake was inversely associated with risk for colorectal cancer in women (32, 33) . Furthermore, high compared with low serum levels of Mg was associated with significantly lower all-cause cancer mortality in a cohort study (34) .
We have reported previously that the dietary trace metals, zinc, copper and selenium were associated with reduced risk of lung cancer at the highest quartile of intake (18) . The Mg effect is much stronger than the associations for zinc and selenium, but less than the associations for dietary copper and lung cancer. When individual addition of dietary zinc, copper, carotenoids (a-carotene, b-carotene, b-cryptoxanthin, lutein-zeaxanthin and lycopene) and folate were made to model 2 (Table II) , the magnitude and direction of the association with dietary Mg intake and lung cancer risk remained similar.
When we assessed top food contributors of Mg in our population as risk factors, as expected, we found a significant inverse trend with increased intake of dark bread, banana and nuts with lung cancer risk (data not shown). While these results from food contributors of Mg validate our findings regarding Mg and lung cancer risk, it is also possible that it may not be dietary Mg that is etiologically important, but something else in high Mg foods.
Emphysema, which is strongly influenced by smoking (35) , is a chronic inflammatory condition (36) and a risk factor for lung cancer (37) . There are experimental (38) and epidemiological (11, 12) evidence that Mg has anti-inflammatory properties. For example, in the Women's Health Study (11) and National Health and Nutrition Examination Survey (1999-2000) (12), Mg intake was inversely associated with C-reactive protein levels. In stratified analysis, we observed a significant protective trend for lung cancer with increasing intake of dietary Mg only in subjects who did not report a diagnosis of emphysema (data not shown). Chronic inflammation in emphysema possibly results in a cycle of lung injury and repair that may overwhelm the anti-inflammatory effects of dietary Mg. Nonetheless, the numbers of participants with reported emphysema were too few for meaningful interpretation of the risk estimates from joint effects analysis by the Mg-DRC groups.
We recognize that our study would be strengthened by more objective assessment of Mg status such as serum or intracellular measurements. Unfortunately, biological samples were unavailable for Like all case-control studies, our study raises concern about recall bias. In an attempt to reduce systematic errors in reporting of dietary intake, the cases were asked to recall their diet the year prior to diagnosis and controls were asked about their diet during the year prior to enrollment into the study. In the current analysis, total calories, a marker of total intake, did not differ between cases and controls. Further, in our study, the control population consumed comparable daily mean dietary Mg intakes to values reported by National Health and Nutrition Examination Survey, 1999-2000, a national sample of USA population (39) . Nevertheless, underreporting or overreporting problems associated with certain types of food cannot be totally ruled out.
The FFQ is practical for large epidemiology studies such as ours, but its use may introduce measurement errors (40, 41) , leading to biased estimates of the association between a given dietary factor and cancer. It has been argued that because of misclassification errors, the FFQ is not always able to detect weak associations (42, 43) , thereby attenuating the true association. In an effort to improve the accuracy, our interviewers were trained in FFQ administration, whereas FFQ responses were reviewed by staff nutritionists; and portion sizes were assessed with visual aids. Despite the above-mentioned limitations, the FFQ has been shown to reliably classify individuals by quartile of intake (44) . Among the top 10 food contributors to Mg (data not shown), no single food was a major contributor of Mg content of the diet, but several foods contributed small amounts of intake. Our participants resided in the Houston area; and although the DIETSYS þ Plus database constitutes a wide cross section of foods, we did not have data to compare Mg composition of foods in the Houston area.
Another important limitation of this study is the lack of information on the frequency and duration of use of dietary supplements containing Mg. It is well known that several multivitamin/mineral supplements with different brand names contain varying amounts of Mg. For these reasons, the current analysis is focused only on dietary Mg intake.
Regarding the DRC assay, the issues of intra-and interassay variation and reproducibility have been addressed in earlier publications of the assay development (45) (46) (47) . The DRC assay uses primary, viable lymphocytes that are obtained from a frozen sample of lymphocytes that were isolated from $20 cc fresh blood sample, enabling us to perform the assay only in duplicates per sample. Therefore, it is not possible at this time to generate the coefficient of variation for each sample with triplicates. Also, the blood was drawn one time after cancer diagnosis but before any treatment and any blood drawn after the treatment may not be comparable with the one drawn before the treatment.
Dietary minerals in lung cancer risk remain an understudied area of research. Our findings suggest that Mg from food sources in the typical USA diet offers protection against lung cancer and that Mg intake and DRC together modulate risk. These intriguing results need to be confirmed in prospective studies. Assessment of the role of Mg intake and tissue levels and lung cancer mortality would complete the evidence-based research picture for this essential mineral. 
